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ABSTRACT 

R-F  impodancc-mcasurinj^  instruments  are  needed  in  the  military 
services  for  the  study,  installation,  and  maintenance  of  antennas,  trans- 
mission tines,  and  hijjh-frequency  comixments.  Commercial  equipments 
available  in  this  field  do  not  meet  military  desif^n  and  construction  re- 
quirements. These  insti  umeiit  desifins  are  based  on  a variety  of  tech- 
niques, viz,  bridf^e,  ri'sonant  andtuin-T  circuits,  slotted-line  principles, 
etc.,  and  each  [xissesses  its  own  advanta^jes  and  limitations  and  is  more 
or  less  .adaptable  to  military  requirements. 

As  an  instrument  useful  to  the  nr.litary  services,  tin-  General  Radio 
Company  type  916-A  r-f  impedance  l>ridpe  was  specifically  studied  to 
determine  the  feasibility  of  producinj^  a satisfactory  military  version 
thereof.  Usinj;  a special  T-iu'twork,  a technique  was  devised  that  pro- 
vided for  the  comparison  of  measurements  on  a standard  impedance 
made  liy  the  lirid^e  under  test  and  by  a reference  bridf'e,  so  that  only 
the  test  bridpe  was  subjected  to  adverse  ambient  Cvmditions,  The  per- 
formance of  the  916-A  was  lu'tter  than  had  been  anticipated;  however, 
several  deficiencies  were  detected,  e.j;.  (a)  the  method  of  specifying  the 
bridge  accuracy , (b)  the  method  of  identifying  transformers  and  indicat- 
ing whichone  is  in  the  circuit,  (e)  the  lack  of  a tool  necessary  to  change 
transformers,  .ind  (d)  an  incomt)lete  instruction  liook.  The  correction 
of  these  deficiencies  and  tlu  inclusion  of  certain  (l('siral)le  modifications 
such  as  (a)  only  one  transformer  to  covt'r  the  entire  frequency  range, 
or  internal  switching  if  more  than  one  transformer  is  required,  (b)  an 
improved  drive  ratio  ;tnd  stops  for  the  initi.il  balance  controls,  (c)  an 
increased  drive  ratio  and  a longer  scab'  for  the  reactance  control,  (d)  the 
removal  of  the  resistor  from  the  plug  of  the  unknown  connecting  lead 
and  its  insertion  in  the  bridge  propel , (e)  the  reduction  of  size  and  weight 
toapractical  minimum,  and  (f)  the  use  of  ,i  metal  case  along  with  appro- 
priate circuit  ruggedization,  should  result  in  .in  instrument  satisfactory 
for  military  use. 


PROBLEM  STATUS 

This  is  a final  report  on  the  probh'm.  Unless  otherwise  notified  by 
the  bureau, the  Lttboratory  will  consider  the  problem  closed  thirty  days 
from  the  mailing  date  of  this  reixirt. 
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H-P'  IMPEDANCE  BRIDGES  FOR  MILITARY  USE 


INTRODUCTION 

A deiinite  iioi'd  for  cuninu'rcially  avaiLililc  r-f  impedance-measuring  devices  has  f)een 
established  for  the  study,  installation,  and  maintenance  of  Na\y  electronic  equipment  which 
involves  the  use  of  antennas,  transmission  lines,  and  high-frequency  comixments.  Although 
the  inherent  inadequacies  of  many  such  commercial  equipments  under  military  conditions 
are  recognized,  these  instruments  are  now  in  use  because  corres(K>nding  military  equip- 
ment is  not  available.  A broad  survey  of  all  pertinent  factors  and  specific  investigations 
of  the  effects  of  temperature,  altitude,  humidity,  and  shock  and  vibration  on  one  (commer- 
cially available)  r-f  bridge  was  requested  by  the  Bureau  of  Ships.  * The  \’ast  scope  of  this 
problem  necessitates  .i  rather  complete  discussion  of  all  background  material  related  to 
the  use  of  r-f  bridges  in  the  lalxiratorv  as  well  as  m the  field.  Since  the  ultimate  intent  of 
any  impedance-measuring  instrument  and  or  technique  the  achlee’ement  of  accurate 
measurements  in  the  shortest  possible  time,  a general  i riticism  of  bridge  methods  cannot 
be  avoided.  Bridges  do  not  occupy  a unique  position  in  the  r-f  Impedance- measurement 
field  and  are  acceptable  for  military  use  only  insofar  as  they  compare  favorably  with  such 
measurement  netv^-orks  as  twin-T  or  resonant  circuits. 

In  this  problem  actual  field  measurements  cannot  be  made  and  used  as  a basis  for 
evaluating  the  effectiveness  of  tlie  instruments  to  be  studied.  This  situation  exists  as  a 
result  of  time  and  fiscal  limitations  and  because  actual  field  tests  would  subject  all  aux- 
iliary equipment  and  their  interconnections  to  the  same  conditioning.  Consequently,  the 
difficulty  of  actually  evaluating  only  the  bridge  unit  would  be  increased.  On  the  other  hand, 
in  the  lalxiratory  it  is  possible  to  study  the  bridge  under  simulated  field  conditions  and  at 
the  same  time  to  isolate  the  auxiliary  equipment.  In  this  regard,  it  is  apparent  that  any 
basic  laboratory  techniques  which  are  required  w’ill  be  adaptable  to  the  study  of  many  types 
of  impedance-measuring  instruments  other  than  r-f  bridges. 

The  specific  problem  objectives  covered  in  this  re()ort  are: 

(a)  The  discussion  of  the  readily  determined  features  and  limitations  of  several  r-f 
impedance-measuring  instruments  (assuming  their  contemplated  use  under  mili- 
tary conditions), 

(b)  The  derivation  of  techniques  for  the  study  of  r-f  bridges  in  the  laboratory  so  that 
any  deleterious  effects  which  arise  from  the  bridge  alone  will  be  isolated, 

(c)  A study  on  the  general  characteristics  and  normal  operation  of  the  General  Radio 
type  916-A  r-f  impedance  bridge,  and 
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(d)  A study  on  llio  effects  of  teniperatun*,  humidity,  altitude,  and  shock  and  vibration 
upon  the  Geitcrat  Radio  tv(H'  916-A  r-f  impedance  bridfte. 

A rather  complete  dissertation  on  factors  affectint;  precise  r-f  impedance  measurements 
under  military  ce.  ditions  has  hetm  t^iven  by  Connor-^  for  frequencies  up  to  VHF. 


BRIEF’  EVALUATION  OF  PACKA('.EI)  INSTRUMENTS 
Navy  Model  OH-1  Brid^te 

In  this  study,  the  model  OH-1  (General  Radio  tyjtt'  SICj-A)'  is  of  particular  interest 
because  it  represents  an  attempt  to  packaj;e  an  r-f  impecianee-measurinf;  instrument  for 
use  in  the  Naval  services.  Fixture  1 shows  this  equipment  together  with  a heterodyne 
receiver  and  a signal  generator  set  up  for  lalH)ratory  measurements  and  connected  in  a 
manner  designed  to  assure  shielded  coniu'ctions  ai>d  an  ade()uate  ground  plane.  The  bridge 
unit  is  lioused  in  a metal  cabinet  (lid  not  shontun  Fiiture  1)  which  has  a covered  opening  in 
the  front  panel  to  facilitate  the  changing  of  internal  bridge  transformers.  Two  trans- 
formers are  provided  to  cover  the  frequency  ranges  of  25  to  500  kc  and  500  to  5000  kc. 

In  addition,  three  pairs  of  ratio-artn  resistors  are  provided  to  give  maximum  bridge 
sensitivity  over  the  entire  frequency  range.  Thes('  (dements  are  also  connected  into  the 
bridge  through  the  opening  in  the  front  panel. 


1'  1 - N.i\  v nuxii'l  <UI-  I 

(!.*  n-  1-  m»  t • (jVi  M>n'»rn! 


Connor,  J.  A.,  i***-  !' - I'  Imiu-d.uu  snrrnu'nl5  Under  Milit/iry 

Cond u u>ns  , NH  I \U*nu' r .mdiiTu  I\  e rm r t .M  . t i t td>e  i 1 ^ 

^Worthen,  C.  E.  , “Improvements  uj  Kiidio- Krequeru  y Uridge  Methods  for  Measuring 
Antennas  and  Other  Impedances,’*  Oen.  Ka<i»o  l.xp.  , H (No.  7),  December  1933 
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The  OH-1  bridf;o,  a basic  circuit  of  wliicli  is  seen  in  Figure  2.  can  be  used  as  an  equal- 
arm  capacitance  bridge  and  thus  provides  direct  measurements  of  an  unknown  impedance 
(7-x)  in  terms  of  etjuivalent -series  resistance  (Hn)  and  equivalent -series  capacitance  (Cjs})- 
Tbi.->  circuit  can  also  be  made  to  measure  tlie  unknown  in  terms  of  equivalent-series 
capacitance  and  power  factor*  or  dissipation  factor.  Such  measurements  are  accomplished 
by  setting  Rjs}  to  zero,  and  adjusting  to  obtain  resistive  balance,  and  Cj\j  to  obtain 
reactive  balance.  Capacitor  Cjsj  indicates  directly  tlie  series  capacitance  of  the  unknown 
for  either  the  equal-arm  or  Scliering  bridge  techniqaes.  Resistor  Risj  is  calibrated  to  read 
equivalent -seric.s  resistance  directly  at  all  frequencies  throughout  the  measurement  range. 
Capacitor  C^a^,  however,  is  calibratt'd  to  read  power  factor  directly  at  1 Me  with  the  100- 
ohm  ratio  arms  in  place,  at  100  kc  with  th('  1000-ohm  ratio  arms,  and  at  10  kc  with  the 
10,000-ohm  ratio  arms.  For  other  frequencies,  the  power  factor  must  be  multiplied  by  the 
frequency  in  megacycles.  This  complication  makes  the  hr  idge  more  flexible  but  also  some- 
what more  difficult  to  use.  The  instrument  is  essentially  a direct  - reading  bridge  hut  can 
be  used  uith  many  substitution  techniques,  both  series  and  iiarallel. 


Kii";r<-  2.  - l isir  (inmt  ut  C 11-1  brulLir 


It  is  believed  that  the  fle.’-.ibility  and  sound  design  used  m the  OH-1  bridge  makes  it  an 
instrummit  with  consider. liile  utility  even  ti.  the  present  date.  The  convenient  method  pro- 
vided for  changing  mtirn.il  bridge  ( lemeius  is  particularly  advantageous.  The  steel  case 
implies  ruggedness  far  beyond  the  degree  of  abuse  to  which  the  internal  bridge  elements 
should  be  subjected  ,ind  thus  gives  ,i  false  confidence  as  to  tht'  over-all  ruggedness  of  the 
equiiiment.  For  iiie.isuremeiit.s  up  lo  i.ri  Me.  ihe  Oil-i  bridge  (Genei  al  Radio  iyiie  51C-.n) 
has  many  current  uses;  however,  as  the  upper  limit  of  5 Me  is  approached,  the  limitations 
of  residual  [jarameters.  tlie  direct-measurement  techniques,  and  the  bridge-transformer 
design  introduce  errors  gre.iter  than  are  normally  accejitable. 


* Power  f.ictor  fcosine  of  the  ph.ise  angle)  is  nearly  equ.il  to  d i .s  s ip.i  I ion  fai  ti  r (eot.oigen' 
of  the  phase  angle)  over  the  useful  range  of  this  brulge. 
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General  Radio  Type  916-A  R-F  Rridf^e 

Tlic  general  pliysical  characteristics  of  the  916-A  bridge  and  an  arrangement  for  using 
it  in  the  laboratory  witli  the  necessary  generator,  detector,  and  test-specimen  connection  is 
shown  in  Figure  3.  A good  ground  plane  is  essential  to  the  proper  utilization  of  this  instru- 
ment particularly  at  frequencies  approaching  the  upper  limit  of  60  Me.  Since  one  of  its 
principal  applications  is  ii-  the  measurement  of  antenna  characteristics  it  is  oljvious  that 
this  instrument  is  designed  for  field  use.  In  this  regard,  it  makes  a good  example  for  care- 
ful study  in  this  survey. 


I-*igur«'  i - Gt'iuT.tl  !<.»(!  n>  ! V pf  ‘M  t> . A r-f  bridge 


General  Radio  Type  916-AL  R-F  Bridge 

The  General  Radio  type  916-AL  r-f  bridge,  a new  instrument  designed  to  make  meas- 
urements below  the  lower  limit  of  the  916-A  bridge  (0.4  Me),  is  capable  of  accurate  meas- 
urements down  to  50  kc.  Measurements  with  this  instrument  can  be  made  at  frequencies 
up  to  5 Me  using  procedures  nearly  identical  to  those  required  by  the  916-A  bridge.  The 
main  difference  between  these  instruments  lies  in  their  frequency  ranges  and  the  fact  that 
an  expanded  reactance  range  (extra  dial)  is  used  in  the  916-AL  bridge.  Figure  4 shows  the 
front  panel  of  a 916-AL  bridge  which  has  been  subjected  to  severe  field-service  conditions 
for  many  months.  The  general  dial  calibrations  ranging  from  0 to  1000-ohms  resistance 
and  0 to  11,000-ohms  reactance  are  augmented  by  means  of  a AX  dial  which  provides  a 
change  of  100  ohms  of  reactance.  This  instrument  is  included  in  the  present  survey  because 
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Radio  twin-T  circuif*  (Fii^ure  6)  art*  tjiveii  t)y 


and 


(if  - R^'  c,  r. 


0 


--V— 

Cj/  U'  L 


0. 


If  a substitution  tccliniquc  is  employed  when  an  unknown  is  connected  across  Cg,  the  admit- 
tance constituents  of  tliis  unknown  can  l)e  d«  t»'r mim'd  in  terms  of  Cq.  C,.  C_.,  and  R.  Thus 


Rw-C,C, 


and 


n. 


'AC 


IV 


Thus,  the  Cq  and  dials  can  be  directly  calibrated  in  terms  of  Gy  and  By.  respectively. 


I'  lgu  e S - ( M*n*‘  r .1 1 I ’ .m1  m t v C e S.t  I - \ tv.ui  !' 
imiifd.i  TH  r - rr.  iM  s It : invt  • i f t m t 


^Sinclair,  D.  B. , “A  New  Null  Instrunient  lor  Me.i  su  r nu;  1 li(j  h- 1' r C()mni  v lm)U'daiuo," 
Gen.  Radio  Exp.,  15  (No.  7).  J.mii.irv  1‘Ml 
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The  principal  features  of  the  type  82 1 -A 
twin-T  circuit  are  (a)  the  absence  of  internal 
shielded  transformers,  (b)  measurement  of  an 
unknown  in  terms  of  admittance  components 
(parallel-substitution) , and (c)  ability  to  measure 
low  values  of  equivalent  shunt  conductance.  The 
direct-readingconductance  ran^'eat  1 Me  is  from 
0 (open  circuit)  to  100  micromhos.  The  meas- 
urement precision  of  this  instrument  is  an  addi- 
tional matter  for  furlfier  study  when  the  use  of 
the  unit  in  the  field  is  contemplated  eventually. 


Boonton  Types  IPO-.A  and  170-A  Q-Meters 


The  Boonton  Q-meters  (Figure  7a  and  7b) 
are  e.xtremely  flexible  self-contained  instruments 
capable  of  making  a wide  variety  of  r-f  impedance 
measurements.  .Although  these  instruments  were 
not  designed  for  rugged  field  use.  their  versa- 
tility makes  them  a significant  factor  in  this  survey.  The  electrical  circuitry  of  the  meas- 
uring network  for  each  instrument  is  essentially  that  of  Figure  8.  Tlie  basis  for  impedance 
measurements  made  with  these  instruments  can  be  established  liy  studying  the  network 
analysis  associated  uith  a series-resonant  combination  of  inductor  and  capacitor  driven 
by  a constant  voltage  source.  The  O-meter  principles  h.ive  no  inherent  limitations,  i.e., 
when  parallel-substitution  ranges  expire,  series-substitution  methods  are  applicable. 
However,  the  frequency  range  of  the  included  generator,  the  sensitivity  of  the  vacuum  tube 
voltmeter,  and  the  internal  residual  parameters  do  iiii|X)se  definite  measurement  limita- 
tions. Since  this  survey  is  intended  to  explore  the  feasibility  of  field  measurements,  it  is 
appropriate  to  recognize  the  extreme  versatility  of  the  Q-meter  technique  and  to  suggest 
future  development  of  sucli  device.s  for  this  purtwse. 


C,  C2 


(a)  Type  1 60- A 


(b)  Type  170-A 


F**!t»'!r**  7 - HoiMiton 
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T'u^uri*  ^ I ^iriinT  of  t.^-n.cfi-r 


General  Radio  Type  IGOl-A  VHF  Bridi^e 

This  .survey  cannot  b('  considered  conipli'te  without  a i rief  mention  of  some  represent- 
ative viif  imtiedance-measurtnu  instruments.  Future  'i  sliov.s  tiu'  General  Radio  type  IGOl-A 
vh.f  iiridtte  atid  a ixissiliie  comliination  of  auxiliarv  equipment  v hicli  includes  the  Hewlett- 
Packard  tiiodel  G08-.A  sipnal  ttenerator  and  the  Ht'wli  tt -Pfick.ird  model  417-.’\  ’.  !if  detector. 
The  1601 -.A.  ;tti  instrutnetit  designed  to  measiirt'  r-f  impedances  betseen  10  and  IGG  Me, 
uses  a series-substitution  bridge  circuit  simil.ir  to  the  one  emploved  in  the  OlG-.A  r-f 
bridpe.*'  Tlie  resistatice  ranine  (0  to  200  ohms)  is  indepeiidtuit  of  frequency  ehereas  the 
reactance  ranjte  (0  to  t2'’0  ohms  at  100  Me)  is  direct -reading  only  at  100  Me.  For  meas- 
uremetits  at  frequencies  other  than  100  Mr.  the  risictance  readint:  is  divided  by  tlic  fre- 
quency in  hundreds  of  mepacvcles.  The  instrument  has  one  fixed  internal  bridge  tr;ins- 
fornier.  Special  care  must  be  exercisi'd  in  shortinp  the  unknown  tcrmin.ils  for  establisliin^; 
initial -balance  conditions.  This  instrument,  vhicli  does  not  have  a completely  enclosed  case, 
was  desii^ned  primarily  for  use  on  the  lalniratorv  lu'iich,  and  specitil  cart'  must  be  t'xercised 
when  it  is  carried  into  the  field. 


FlL»urr  n - Gt*nrr.ii  K.ulio  Ivr^e  1 1*0  1 - .'\  \' 1 II*'  hrid^v 


^.Soderman,  It,  A..  "A  New  bridt>c  for  the  Me.i  .s\i  re  ni  eii  t of  Imped. <tu- es  between  10  .and 
16S  Me,"  Gen,  Radio  Kxp.  . 24  (No.  9),  Feljrn.irv  I'lSO 
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Hi'aIi'U- Packard  Model  803-A  VHP'  nridt,'e 

The  instruments  metitioned  so  far  have  all  used  hther  conventional  bridite  circuits  or 
resonant  circuits.  At  very  liij;h  frequencies,  a depaiture  from  these  clas.sica!  methods  has 
been  introduced  in  the  form  of  a "slotted-line”  bridgt  , Ttu'  Hewlett-Packard  model  803-a 
vhf  bridj^e.  which  is  shown  in  Fitrure  10  with  its  .luxili.iry  I'ener.itor  and  detector,  does  not 
use  the  same  metliod  of  operation  as  employed  in  conventional  slotted-liiu*  procedures.'’ 

The  measured  characteristic.s  of  the  unknown  impedance  are  not  presented  in  terms  of 
resistance  and  reactance  (or  conductance  and  susceptaiice)  as  in  a true  bridip’  but.  insie.id, 
are  introduced  in  terms  of  absolute  impedance  and  a phase  angle.  Thus.,  the  technique  is 
related  somewhat  to  the  voltmeter-amnu'ter-wattmefer  method  for  measuring  imped. isce 
•It  .ludio  frequencies.  The  way  in  which  this  instrument  is  pa.  kagi'd  ni.ikes  it  easily  ad.ipti  d 
to  field  operations.  From  a brief  study  of  tins  bridge  and  its  auxiliary  etpiipment . it  i 
a[)parent  that  the  latter  could  easily  be  the  weakest  element  wlien  the  equipment  is  used 
under  rigorous  field  conditions.  This  instrument  is  a currently  .uail.ible  device  for  tin* 
measurement  of  r-f  im[)ed.inces  over  a frequency  range  of  90  to  500  Me  (phase  angles  from 
-90“  to  90“  );  It  can  be  extended  to  5 and  700  Me  with  restricted  range  of  pliase  ancle.  1 ‘ 
useful  impedance  range  covers  from  2 to  2000  ohms.  The  r.inges  av.iilable  make  this  instru- 
ment useful  in  solving  many  lalioratory  and  field  me.isurement  problems. 


Figure  10  - He  wie  tt  - f’.i  c k.i  rd  Tvne  R0?-A  Bridge 


\ TECHNIQI'K  TO  EVALUATE  ENVIRONMENTAL  EFFECTS  ON  AN  R E PRlDGi: 

General  Considerations 

The  laboratory  determination  of  temperature  and  humidity  effects  on  equipment  usu.ilh 
involves  the  use  of  a test  chamber  in  which  the  equipment  is  ex|>osed  to  controlled  conditions. 
In  establishing  the  operating  characteristics  of  the  equipment,  one  iirimary  factor  rcijuires 
special  consideration,  i.e..  the  means  of  electrically  connecting  the  equipment  under  test 
to  reference  standards  or  measuring  instruments  which  are  being  used  to  monitor  tlie  test 


^’St;iff,  R.idio  Research  F.aboratory , Harvard  University,  "Very  High- i'l  equciu  y 1 < i hnu|ue?- . " 
Vol.  1,  pp.  26-52.  New  York:  .McG  raw  - Hill . 1947 
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unit.  There  are  two  general  approaches  to  this  problem.  First,  the  monitoring  units  can 
be  placed  directly  in  the  chamber  with  the  unit  under  test.  Generally,  this  approach  is  not 
practical  because  either  the  monitoring  equipment  is  too  large  to  fit  into  the  remaining 
chaniber  space  or,  more  important  still,  the  measurements  made  by  the  monitoring  equip- 
ment would  contain  unknown  errors  resulting  from  the  effects  of  the  test-chamber  condi- 
tions. A second  method  of  determining  the  operating  characteristics  is  to  leave  the  moni- 
toring units  outside  the  test  chaniber  and  transfer  the  quantity  to  be  monitored.  In  using 
this  second  procedure,  quantities  such  as  frequency,  voltage,  etc.,  can  be  readily  trans- 
ferred with  little  or  no  effect  on  their  magnitude.  On  the  other  hand,  certain  quantities 
cannot  bt'  transferred  without  appreciable  effect  on  their  magnitude  unless  special  means 
are  provided  to  accomplish  the  transfer.  One  item  in  this  latter  category  is  r-f  Impedance, 
the  specific  case  at  hand. 


A Particular  Solution 

The  specific  problem  was  to  determine  the  effects  of  temperature  and  humidity  on  the 
General  Radio  type  916-A  r-f  impedance  bridge  without  including  any  effects  on  the  imped- 
ance tu'ing  measured  or  the  associated  auxiliary  connections.  An  attempt  to  obtain  standard 
imped. incf's  that  would  be  independent  of  the  adverse  test-chamber  conditions  was  con- 
sidered impractical.  Thus,  the  only  approach  left  was  to  find  a special  means  of  connecting 
the  impedance  standard  (on  the  outside  of  the  chamber)  through  the  wall  to  the  bridge  (on  the 
inside).  To  be  sure  that  any  change  in  indicated  impedance  could  be  directly  attributed  to 
the  bridge  under  test,  it  was  decided  that  the  connection  scheme  should  provide  for  direct 
monitoring  of  its  own  stability  and  also  the  constancy  of  the  impedance  standard. 

A symmetrical  T-network  having  an  equivalent  circuit  essentially  as  diagrammed  in 
Figure  11  was  devised  to  implement  this  measurement.  Figure  12,  a view  of  the  actual 
network  as  constructed  for  this  particular  application,  shows  the  front  and  bottom  sides 
and  a transfer  standard  (Zx)  connected  in  place.  The  right-hand  coaxial  portion  of  the  T 
is  the  part  of  the  network  that  was  inserted  in  the  test -chamber  wall;  the  left-hand  portion 
was  made  identical  merely  to  maintain  network  symmetry.  Figure  13  is  a close-up  view 
of  the  back  and  top  with  the  cover  plate  removed  to  show  the  switch  (Sq)  and  its  symmetri- 
cal layout.  In  Figure  11,  Z,,  Zj,  Zj,  and  Zj  all  represent  the  impedance-to-ground  of  the 
feed-through  insulators  in  the  coaxial  portion  of  the  network.  Here  L and  L'  represent  the 
series  inductance  of  the  center  coaxial  conductor,  which  has  a diameter  of  3^16  inch.  This 
conductor,  along  with  the  1 '8-inch-wall  outer  conductor,  represents  a good  thermal  trans- 
fer medium  through  the  test -chamber  wall.  Thus,  at  low  test  temperatures,  water  con- 
densation on  the  surface  of  the  insulator  (represented  by  impedance  Zj)  could  easily  develop 
and  directly  upset  the  impedance  balance  of  the  network.  To  prevent  this  condition,  a blower 
was  used  to  create  an  air  stream  over  the  surface  of  the  insulator. 

As  a result  of  careful  design  .and  construcUon.  equals  7.^  and  L equals  L';  however, 

Zi  docs  not  equal  Zl  because  of  the  slightly  different  ground-strap  configuration  which  con- 
sequently contributes  different  amounts  of  shunt  capacitance  to  Z,  and  Zj.  This  small  in- 
equality can  be  eliminated  easily  in  the  normal  procedure  of  measurement  which  is  as  follows; 

(a)  With  and  S3  grounded  (Figure  11),  use  the  impedance-measuring  instrument 
(a  Q-meter  in  this  particular  problem)  to  determine  impedance  equality  of  the  two 
arms  of  the  T when  switch  Sq  is  in  positions  2 and  4,  respectively.  (In  this  spe- 
cific application,  the  adjustment  of  Z,  equal  to  Zl  , l.e.,  equalizing  the  Impedances 
of  the  two  arms  of  the  T,  is  accomplished  by  adjusting  a small  strip  of  copper 
attached  to  the  ground  strap  of  bridge  A.  The  position  of  the  strip  relative  to  the 
high  potential  conductor  provides  a small  variation  in  the  shunt  capacitance  of  Z,). 
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Figure  11  - Equivalent  circuit  of  symmetrical  T-nelwork 


Figure  12  - Front  and  bottom  view  of  symmetrical  T-networK 


Figure  13  - Back  and  top  view 
of  symmetrical  T-network 
witii  cover  removed 
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(h)  Change  and  Sg  in  order  to  connect  the  liridpes  to  the  T-net'A'ork.  Tlien  meas- 
ure tlie  transfer  impedance  7,q  s-ith  eacti  hrid^te  when  Sq  is  in  positions  1 and  3. 
respectively. 

Thus,  tlie  circuit  provides  for  ready  checkinfj  of  its  arm  staiiility  as  well  as  the  stability 
of  the  transfer  standard  at  any  time  durinjt  tlie  t(>st  proi;ram. 

Fipure  14,  an  outside  view  of  the  test  chamber,  shows  the  blower  and  the  network 
installed  and  connected  to  the  reference  bridge  A.  Fipure  15,  a close-up  view  inside  the 
test  cliamber,  shows  tlie  connection  of  tlie  test  bridge  to  the  T-iietwork. 
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Figure  15  - Inside  view  of  test  chamber  showing  connection 
of  test  bridge  to  symmetrical  T-network 


GENERAL  RADIO  TYPE  9IG-A  R-F  BRIDGE 
Description 

The  916-A  r-f  bridgc^'^  is  a null  instrument  for  measuring  impedances  in  the  nomi- 
nal frequency  range  of  400  kc  to  60  Me.  By  scries  substitution,  the  bridge  measures  an 
unknown  impedance,  Zx.  i”  terms  of  its  series-resistance  component,  Rx>  and  its  series- 
reactance  component,  Xx-  The  resistive  component  is  read  from  a variable-capacitor 
dial  directly  calibrated  in  f)hms  resistance  (0-1900);  this  calibration  is  independent  of 
frequency.  The  reactive  component  is  also  read  from  a variable-capacitor  dial  which  is 
calibrated  directly  in  ohms  reactance  (0-5000);  this  calibration,  however , is  direct-reading 
only  at  1 Me.  The  ratio  of  actual  impedance  to  indicated  impedance  (dial  reading)  decreases 
linearly  with  frequency,  and  therefore,  reactance  dial  readings  are  divided  by  the  operating 
frequency  in  megacycles. 


^General  Radio  v"ompany,  Catalog  M.  pp.  80-81,  October  1951 

^General  Radio  Company,  Form  567-J,  “Operating  and  Maintenance  Instructions  for 
Type  916-A  Radio- Frequency  Bridge" 
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Basic  Theory 

Using  the  916-A,  the  fundamental  circuit  of  which  is  shown  in  Figure  16,  an  unknown 
is  measured  by  first  balancing  the  bridge  with  the  UNKNOWN  terminals  short-circuited; 
then  the  short  circuit  is  replaced  by  the  unknown  impedance  and  the  bridge  is  rebalanced. 
When  the  UNKNOWN  terminals  are  short-circuited,  the  bridge-balance  equations  are 


and 


R 


= R 


(1) 


1 ^ 
j U.O  p ^ R ^ j u-O 


(2) 


When  the  short  circuit  is  replaced  by  the  unknown  impedance  Zy  = R^  - i^X'  balance 
equations  become 


and 


jXx 


_1_ 


(la) 


(2a) 


Thus,  the  unknown  resistance.  Rjj.  and  unknown  reactance,  Xy.  can  be  expressed  in  terms 
of  the  bridge  parameters  as  follows: 


and 


(lb) 


(21)) 


From  these  expressions  it  can  be  seer)  that  Rj^  is  proix>rtional  to  the  change  in  the  capac- 
itance Ca-  and  the  proi)ortionatity  factor  is  determined  by  the  fixed  resistance  Rp  and  the 
fixed  capacitance  Cj>^.  Similarly,  Xy  is  a function  of  the  frequency  and  the  change  in  the 
reactance  of  Cp. 


Specified  Range  and  Accuracy 

Specified  range  and  accuracy  of  the  type  916-A  bridge”'^  is  as  follows; 

“FREQUENCY  RANGE:  400  kc  to  60  Me. 

REACTANCE  RANGE:  0- 5000  ohms  at  1 Me.  This  range  varies  inversely  as  the  frequency, 
and  at  other  frequencies  the  dial  reading  must  be  divided  by  the  frequency  in  megacycles. 

RESISTANCE  RANGE;  0 to  1000-ohms. 
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ACCURACY:  For  reactance,  at  frequencies  up  to  50  Me,  t(2'f  * \Q^  O.OOOSHf),  where 
R is  the  measured  resistance  in  ohms  and  f is  tlie  frequency  in  Me. 

For  resistance,  at  frequencies  up  to  50  Me.  t(l'?  4 0.1f2),  sul)ject  to  correction 
for  residual  parameters.  At  high  frequencies  the  correction  depends  upon  the  fre- 
quency and  the  magnitude  of  tlie  unknown  resistance  component.  At  low  frequencies 
the  correction  depends  uix)n  the  frequency  and  upon  the  magnitude  of  the  unknown 
reactance  comiXDiient.  Plots  of  l)otli  of  these  corrections  are  given  in  the  instruction 
book  that  is  supplied  with  tlie  bridge. 

Satisfactory  operation  can  be  obtained  at  frequencies  up  to  60  Me  with  .somewhat 
poorer  accuracy  above  50  Me  than  at  lower  frequencies.” 

A general  tabulation  of  characteristics 
for  all  General  Radio  bridges^  indicates 
that  the  appro.ximate  accuracies  for  the 
9 16- A are  two  percent  for  reactance  and 
one  percent  for  resistance. 

The  reactance  specification  ( i2  ' • 1 
. O.OOOBRf)  is  not  explicitly  stated  because 
the  third  term  does  not  carrv  any  indicated 
unit.  The  inference,  however,  is  that  the 
unit  is  ohms  and  that  “f"  is  used  as  a numer- 
ical value  without  units.  This  third  term 
can  thus  be  added  directly  to  the  second 
term  (H2).  A clearer  understanding  of  this 
specification  can  be  obtained  by  presenting 
it  in  graphical  form.  In  Figure  17,  meas- 
urement error  In  percent  has  been  plotted 
against  unknown  reactance  for  various  val- 
ues of  frequency  and  unknown  resistance. 

It  is  immediately  apparent  that  the  meas- 
urement error  is  variable  and  has  a two- 
percent  minimum. 


Bridge  Design  and  Operating  Procedures 

Specific  operating  details  and  certain  features  of  the  bridge  can  be  analyzed  without 
making  measurements  or  without  subjecting  the  bridge  to  any  conditioning  processes.  The 
instrument  in  its  luggagc-.style  carrying  case  is  shown  in  Figure  18  with  the  cover  in 
place.  Figure  19,  a view  of  the  inside  of  the  ctiver,  shows  the  stowage  of  the  instruction 
book  and  accessory  cables  supplied  with  the  bridge.  The  front  panel  and  all  the  bridge 
controls  are  shown  in  Figure  20. 

The  front  panel  of  any  test  or  measurement  Instrument  should  be  marked  and  labeled 
in  such  a manner  that  the  operation  is  as  self-explanatory  as  possible.  The  markings 
certainly  should  not  leave  the  operator  in  doubt  or  lead  to  any  misunderstanding  of  the 
intended  operation.  It  is  felt  that  the  9 16- A bridge  is  deficient  in  this  respect. 


Fiji^urc  16  - F^undamental  circi-iit  of  Gcnrral 
F<adio  Type  916- A r-f  bridge 
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Fijjuro  20  - I- rcmt  p.iiir!  of  firruTtl  1 vpi'  ‘^I'-A 

r - 1 uiiprii.ini  f In  lD  ■ 


Auxiliary  Equipment  - In  addition  to  t!u-  !irid|tt  it.seli.  a ^:cneralor  and  a detector  are 
necessary  to  complete  tlie  measuremeni  setufi.  Tlie  i:eneraior  should  l>e  a 'A-ell-shielded 
oscillator  capable  of  producini;  an  output  voltape  on  the  order  of  1 to  lO  volts.  The  detec- 
tor should  be  a well-shielded  receiver  tUlvin^^  a sensitivity  on  the  order  of  1 to  10  micro- 
volts. To  facilitate  the  adjustnu'iit  of  the  bridjte  to  a null,  the  receiver  should  have  an  r-f 
sensitivity  control  and  should  also  be  equipped  to  rut  out  the  automatic  pain  control.  A 
typical  laboratory  setup  is  shown  in  Eipure  3. 

Preliminary  Adjustments  - Tlie  sulijects  of  proundinp  and  stray  pickup  appear  to  be 
adequately  presented  in  the  operatinp  and  niainteiuince  instructions.®  Deviations  from  tlie 
prescribed  procedures  should  not  be  made  unless  the  operator  is  well-versed  in  r-f  cir- 
cuits and  bridge  theory. 

The  bridge  uses  transformer  input.  To  covi-r  the  -pecifu'd  frequency  range,  two 
transformers  are  employed:  one  for  400  kc  to  3 Me  and  the  other  fur  3 to  60  Me.  These 
transformers  employ  an  intcrwinding  shield  .iiul  are  specially  designed  for  this  bridge 
application.  They  are  individually  adjusted  so  as  to  introduce  negligible  measurement 
error  over  their  designed  frequency  range.  Only  one  transformer  is  mounted  to  the  front 
panel  and  connected  into  the  circuit  at  any  one  time.  The  other  tiansformer  is  carried  on 
the  Inside  of  the  access  panel  which  must  be  opened  to  change  transformers  (Figure  21). 
Even  though  the  unused  transformer  is  not  diri-ctly  connected,  it  must  be  properly  mounted 
to  the  access  panel  because  it  is  indirectly  a part  of  the  circuit  since  it  contributes  to  the 
bridge  capacitance  Cn- 

Several  aspects  of  the  method  used  to  incorporate  the  transformers  are  among  the 
bridge  deficiencies.  First  of  all,  it  would  be  far  better  to  have  Ixitli  transformers  per- 
manently Installed  so  that  only  a switch  would  have  to  be  operated  in  order  to  change  from 
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one  traiisfoi  .iier  to  the  other.  This  method  would  eliminate  the  necessity  for  openinp  the 
bridpe  case,  and  as  a result,  a ix>ssible  source  of  damape  to  the  bridpe  elements  would 
be  removed.  The  case  could  be  more  effectively  scaled  against  dirt  and  other  foreign 
particles  - an  important  consideration  when  this  type  of  instrument  is  intended  for  field 
use.  Also,  the  transformers  themselves  would  not  be  subjected  to  repeated  handling,  and 
thus  the  (xjssibility  of  damage,  maladjustment,  or  improper  connection  into  the  circuit 
would  be  practically  nil.  A second  deficiency  of  the  present  design  lies  in  the  method  of 
indicating  which  transformer  is  in  the  circuit.  The  transformers  are  designated  PI  and 
P2,  and  each  has  an  attached  pin  that  shows  through  a similarly  designated  lujlc  in  'he 
panel,  thus  indicating  which  transformer  is  in  the  circuit  (Figure  20).  There  is  no  panel 
marking,  however,  to  indicate  the  frequency  range  associated  with  PI  and  P2.  In  addition, 
this  information  is  not  even  available  in  the  operating  instructions  and  can  he  determined 
only  by  examining  the  transformers  themselves  or  the  parts  list.  Thus,  since  the  operator 
must  determine  that  the  transformer  covering  the  intended  measurement  frequency  is  con- 
nected into  the  ''ircuit,  he  should  he  able  to  do  so  directly  from  the  bridge  panel  markings. 
.\  third  [xiint  that  should  be  mentioned  concerns  the  changing  of  transformers  in  the  pres- 
ent model.  To  change  a transformer,  the  panel  nut  of  the  “generator”  connector  must  be 
unscrewed:  the  remainder  of  the  connector  is  constructed  as  an  integral  i>irtion  of  the 
transformer.  Since  the  proper  installation  of  a transformer  requires  the  use  of  a wrench 
to  loosen  and  lighten  the  panel  nut.  a tool  for  this  pur|XTse  should  be  included  with  the 
accessories  of  the  bridge. 


Figure  ’!  - Input  t r .m  sf  <i  r in  .•  r ^ of  the  Ciener.il 
tt.iitio  1 vpe  uji  - A l,rnjge 
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Measurement  Techniques  - After  st'ttinK  tt.e  I,-C  switch  and  tlie  cauLrated  dials  to 
their  appropriate  positions^  tlie  basic  measurement  procedure  then  consists  of  connect- 
ing the  “high”  lead  of  the  bridge  to  ground  and  making  an  Initial  balance.  Then  the  high 
lead  is  connected  to  the  high  terminal  of  the  grounded  unknown,  and  the  bridge  is  rebalanced 
by  using  the  calibrated  dials.  The  difference  between  the  initial  and  final  setting,  corrected 
when  necessary,  gives  the  resistance  and  reactance  of  the  unknown.  The  instruction  lx>ok*^ 
together  with  the  instrument  panel  markings  adequately  cover  most  detailed  measurement 
procedures;  some,  however,  that  arc  insufficiently  outlined  are  discussed  in  the  following 
paragraphs  along  with  other  aspects  of  bridge  operation. 

The  initial  balance  controls  arc  a possible  source  of  difficulty  in  operating  tlie  bridge. 
Neither  the  panel  markings  nor  the  instruction  Itook  properly  indicate  the  situation  that 
actually  exists.  From  Figure  20  it  will  be  observed  that  botii  initial  balance  controls  have 
pointer  knobs.  From  this  arrangement,  the  operator  gets  the  impression  that  the  total 
variation  of  the  parameter  being  adjusted  will  occur  for  an  angle  of  rotation  not  exceeding 
360°.  Both  of  these  controls  are  adjustable  air  capacitors.  The  resistance  initial  balance 
has  a direct  drive,  and  as  a result,  the  total  effective  change  occurs  in  180°.  The  react- 
ance initial  balance,  however  , has  a drive  ratio  (4-1  2 to  1)  which  results  in  spreading  the 
total  change  over  810" of  knob  rotation.  Thus,  if  the  position  of  the  reactance-initial-balance 
control  is  not  close  to  the  balance  condition,  it  is  possible  for  the  operator  to  arrive  at  the 
erroneous  conclusion  that  an  initial  balance  cannot  bp  obtained,  .M.so,  these  controls  do  not 
have  stops  at  their  extremes  of  variation.  This  fact  leads  to  aml'iguity  and  {Xissiblc  meas- 
urement errors  because  the  operator  is  left  in  doubt  as  to  whether  he  i.s  tuning  to  a true 
null  or  to  an  artificial  null  which  exists  at  the  minimum  or  maxiniu’n  capacitance  settings. 

The  initial  balance,  particularly  at  lower  frequencies,  can  actually  lie  made  over  a 
range  of  settings  of  the  reactance  dial.**  The  instruction  Iniok*^  indicates  the  nominal 
limits  as  follows: 


L Position 0-1000  ohms 

C Position 4000-5000  ohms. 

The  inductive  reactance  of  the  connecting  lead  is  the  main  factor  in  del  it  nun  mg  the  actual 
limits.  Thus,  as  the  frequency  is  increased,  the  limits  move  further  up  the  reactance 
scale.  There  i.s  a frequency  alxive  which  an  initial  balance  cannot  be  obtained  at  0 in  the 
I,  position,  and.  at  a .slightly  higher  frequency,  for  5000  In  C position.  The  frequency  at 
which  this  condition  occurs  depends  upon  the  length  of  the  connecting  lead.  This  change 
does  not  Introduce  any  cor re.sponding  error  In  measurement  because  the  Inductive  react- 
ance cancels  out  in  the  serie.s -substitution  techniques.  Such  an  effect  reduces  the  react - 
;ince  range  of  the  bridge;  it  can  be  compensated,  however,  liy  phtcing  a small  capacitor  in 
series  with  the  connecting  lead  to  neutralize  the  inductance. 

Typical  curves  taken  from  the  Instruction  Ixiok^'are  siiown  in  Figure  22a  for  the  shift 
in  initial  balance  vs.  frequency  associated  with  Iwth  the  short  and  long  connecting  leads 
supplied  with  the  bridge.  Similar  curves  applicable  to  the  short  lead  only  are  presented  in 
Figures  22b,  c,  and  d for  the  test  bridge  E and  the  comparison  bridges  F and  G,  respectively. 


‘The  selection  of  appropriate  settings  is  adequately  disiiissed  in  the  instruction  book. 

**As  pointed  out  in  the  instruction  book,  this  ability  to  establish  an  initial  balance  for 
various  reactance  dial  settings  is  useful  in  making  certain  measurements. 
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A comparison  of  tliese  figures  shows  that  for  tlic  L position  the  curves  of  the  three 
individual  bridges  corres|x>nd  closely  to  tlie  typical  curve.  The  curves  for  the  C position, 
however,  stiow  lack  of  similarity  in  several  w'ays.  For  bridge  E the  curve  of  Cmin  cor- 
responds at  low  frequencies  but  instead  of  risiiig  with  increasing  frequency  it  drops  off 
and  then  increases  sliarply  to  a peak  value  and  again  drops  off.  The  same  curves  for 
bridges  F and  G are  nearly  alike,  but  show  relatively  little  change  througliout  the  frequency 
range.  The  Cmax  ^cbbig.  as  specified,  was  found  to  l)e  greater  than  5000  for  bridge  E. 

For  ttie  comparison  bridges,  however,  (indicated  liy  the  appropriate  curve)  was  less 

than  5000  over  most  of  the  frequency  range.  The  result,  a reduction  in  the  maximum  avail- 
able range  of  C measurement,  is  believed  attributable  to  changes  in  one  or  more  bridge 
parameters  caused  by  handling  or  long-time  ageing. 

Interpretatioii  of  Observations  - It  is  important  to  note  that  both  the  resistance  and 
reactance  scales,  except  for  the  low  ends  which  approach  linearity,  are  approximately 
logarithmic.  These  characteristics  arc  depicted  in  graphic  form  in  Figure  23a  and  23b. 

The  semilog  plots  clearly  show  the  approximate  logarithmic  calibration  of  most  of  each 
dial.  This  characteristic  is  particularly  significant  because  measurements  are  made  on 
a substitution  basis  and  involve  the  difference  of  two  readings.  .As  a result,  the  proper 
appraisal  of  the  precision  of  any  dial  reading  and  the  corrt'ct  use  of  significant  figures  is 
most  important  in  arriving  at  a justifiable  value  for  the  unknown  impedance. 

The  first  of  these  two  readings  represents  tlu>  initial  balance  and  in  reality  is  not  an 
abstract  reading  because  the  operator  attempts  to  set  the  dials  to  definite  values.  Thus, 
it  is  significant  to  know  how  precisely  this  setting  c.iii  be  made.  .A  special  test  was  estab- 
lished to  determine  this  and  other  similar  factors.  Special  scales,  calibrated  in  degrees 
and  attached  to  the  regular  bridge  dials,  were  used  to  determine  the  angular  precision  of 
the  dial  setting.  The  smallest  scale  division  was  0.1  degree,  and  it  was  [xissible  to  esti- 
mate quarter  units  of  this  division  or  0.025  degree.  Six  people  made  five  attempts  each 
to  set  the  reactance  dial  to  exactly  5000  ohms,  and  there  was  no  significant  difference  in 
the  results  for  each  individual.  The  thirty  settings  are  summarized  in  graphical  form  in 
Figure  24a.  Therefore,  except  for  one  case  out  of  thirty,  it  was  ixtssible  to  set  the  imped- 
ance dials  within  i0.025  degree.  From  Figure  23a  it  is  apparent  that  the  slope  of  the 
reactance-dial  calibration  at  5000  ohms  is  alxiut  260  ohms  per  degree  and  0.025  degree 
is  equivalent  to  approximately  6.5  ohms.  Considering  the  single  trial  for  which  the  error 
was  0.05  degree,  it  is  possible  to  set  the  reactance  dial  to  5000  ohms  with  a precision  of 
ll3  ohms.  Similarly,  the  dial  can  be  set  to  0 with  a precision  of  t0.15  ohm.  The  most 
important  factor  contributing  to  variations  in  setting  the  dial  to  any  calibrated  value  is 
the  coarseness  of  the  calibration  and  index  lines. 

The  second  dial  reading  obtained  in  the  process  of  measuring  an  unknown  impedance 
is  from  the  final  balance,  and  this  reading  is  truly  abstract  because  the  position  of  the  dial 
depends  on  the  impedance  being  measured.  A series  of  tests,  undertaken  by  the  same 
operators  as  before,  were  conducted  to  obtain  an  indication  of  how  fine  an  inter;xi!atiGn 
could  be  made  on  the  reactance  dial.  The  largest  single  dial  space,  1000  - 1100  o'nms. 
was  used  in  order  to  obtain  the  most  favorable  result.  The  test  series  was  conducted  to 
determine  how  closely  the  dial  could  be  set  to  a value  of  1050.  1025.  and  1010  ohms.  This 
test  amounted  to  subdividing  the  dial  division  into  1 2,  1 4,  and  1 TO  units,  respectively. 
Each  operator  performed  each  of  the  three  tests  six  times,  and  an  interval  of  at  least  two 
hours  was  maintained  between  tests  in  order  to  reduce  any  influence  of  one  test  upon 
another.  The  results  arc  presented  in  Figure  24b,  c,  and  d.  In  the  1050-ohm  test,  prac- 
tically all  settings  were  made  to  values  actually  higher  than  1050  ohms  instead  of  center- 
ing them  around  the  correct  value.  This  result  occurred  because  all  operators  over- 
emphasized a logarithmic  subdivision,  whereas  the  true  subdivision  of  this  log-scale  inter- 
val is  nearly  linear.  The  maximum  deviation  from  the  true  value  is  0.35  degree  of  arc  or 
about  9 ohms,  and  consequently  there  should  be  no  difficulty  in  estimating  half  divisions. 
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For  the  1025-ohni  test,  the  same  overemphasis  of  the  lotjarithinic  division  existed.  The 
maximum  deviation  from  the  true  value  was  0.5  degree  or  alxjut  i3  ohms,  but  this  wide 
deviation  occurred  for  only  one  setting  and  all  others  remained  within  10  ohms.  As  a 
result,  there  should  be  no  ambiguity  in  dividing  the  unit  into  quarters.  In  the  lOiO-ohm 
test,  uncertainty  in  dividing  by  tenths  as  well  as  logarithmic  overemphasis  contributed  to 
the  variation  in  dial  setting.  The  maximum  deviation  from  the  true  value  was  0.35  degree 
or  about  9 ohms.  Thus,  since  1 iO  sulxiivislons  are  10  ohms  for  this  dial  division.  9 ohms 
uncertainty  in  dial  sotting  would  result  in  an  overlapping  ambiguity  of  8 ohms  between 
successive  1 10  subdivisions.  It  is  therefore  impractical  to  divide  the  dial  divisions  finer 
than  1 '4,  and  thus,  the  precision  of  dial  reading  is  il  8 division.  This  interpretation  is 
considered  valid  for  all  parts  of  the  reactance  dial  except  from  0 to  20  ohms  and  4000  to 
5000  ohms.  For  these  two  portions,  the  dial  divisions  arc  small  and  It  is  not  feasible  to 
subdivide  them  more  than  once  (that  is,  into  1 2 division  units);  tlius  the  corresixmding 
precision  would  be  ii  4 division. 

The  percent  error  in  reactance  based  only  on  the  precision  with  whicli  the  reactance 
dial  can  be  read  has  been  plotted  in  Figure  25a  as  a function  of  react. nice.  The  curves  for 
inductive  and  capacitive  reactance  are  the  same  up  to  1000  ohms  because  their  respective 
values  are  both  measured  on  the  same  portion  of  the  dial,  in  contrast  for  higher  reactance 
values,  the  and  Xq  curves  are  different  because  is  measured  on  a different  portion 
of  the  dial  from  that  used  for  Xq  of  the  same  magnitude.  Also  plotted  in  this  figure  is  the 
specified  accuracy  which  is  found  to  be  somewhat  optimistic  for  capacitive  reactance  in  the 
range  1000  to  1500  ohms.  It  should  be  noted  that  this  comparison  is  not  direct  because  the 
specified  accuracy  must  account  for  all  sources  of  erior  including  limitations  imposed  by 
dial  precision. 

A similar  plot  and  comparison  for  resistance  (Figure  25b)  shows  that  tlie  percent  error 
resulting  from  the  precision  of  dial  reading  only  is  never  greater  tlian  the  specified  accuracy. 

Portability  - Since  the  91G-A  bridge  is  suitable  for  measuring  the  impedance  of  anten- 
nas and  other  circuits  that  are  essentially  fixed  installations,  it  is  im|X)rtant  to  consider 
the  portability  of  the  equipment.  The  bridge  unit,  which  is  equivalent  in  weight  and  size  to 
a well-loaded  suitcase  (about  35  [XJunds  and  17  x 13-1  2x11  inches)  is  relatively  pKjftable. 
The  bridge,  however,  is  only  one  of  three  units  necessary  to  make  measurements;  a signal 
generator  and  a receiver  must  be  included  in  tlie  complete  setup.  If  the  particular  set  of 
measurements  to  be  made  cover  a scries  of  different  frequencies,  it  is  possible  that  two 
signal  generators  and  two  receivers  may  be  required  to  cover  the  range  of  interest.  The 
total  weight  of  equipment,  therefore,  may  easily  reacli  150  pounds. 


Normal  Operating  Performance 

While  making  impedance  mea.suremcnts  under  normal  laix)ratory  conditions,  the  actual 
operating  characteristics  of  the  particular  test  bridge  were  examined  and  compared  with 
those  of  two  other  916-A  bridges. 

Resolution  and  Precision  - Since  the  null  indic.ition  vias  gener.illy  narrower  than  a small 
fraction  of  a dial  division,  the  resolution  of  the  bridge  was  found  to  be  satisfactory  for  all 
ranges.  For  certain  values  of  unknown  impedance,  the  resolution  of  the  resisttince  and  react- 
ance dials  are  different.  For  example,  there  are  Instances  where  the  resolution  of  the  resist- 
ance dial  is  rather  broad  unless  the  reactance  control  has  been  adjusted  to  its  ultimate  null 
condition.  As  a consequence  of  the  present  ratio  on  the  reactance  vernier  drive,  this  adjust- 
ment sometimes  becomes  a rather  delicate  and  tedious  oiteratlon.  For  this  reason,  therefore, 
it  would  be  advantageous  to  alter  the  drive  ratio  and  thus  produce  a slower  motion  on  the 
controlled  capacitor. 
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A si'l  ;>f  fixod  fi'sistdf:  w.t.''  li  u-d  l<>  ulii.un  :ni  iiidic.il luii  ut  the  iiic.i  ur<.‘ini'iit  prctisiuii 
I'f  it>i'  ri'.si.si.iiu'i'  dial.  lU'cau.^c  n[  itic  Lced  Inr  ^i!(.d  r-f  rti.irai  ti'ri^iir.'-;,  Cii  iuTal  Hadio 
typo  ro.si.suir.s  wim'o  used  (m-  valui  '^  tmm  I Id  inn  ntiiiis  and  (Icnc'ral  Hadiu  type  500 
re.si.-;iin-s  \^oro  ust'd  for  valuos  (rum  200  f.  tOOO  u’.mi  . 1 .'u  ro  unit'  an  shown  as  group  A 

it:  Figure  2G.  Faoli  rosisiur  wa^.  miMsmt-d  on  .ill  ihroo  tvpi-  ‘.liG-A  bririgos,  and  the  results 
are  tabulated  in  Table  1. 


biijurc  2 ti  - S;  oni.iru  n'^iir.irs  .itvi  i-i  -.I'l!.!:'.  . ; r u.«.!it  si.itni.irris  user! 

{ M t f i*:i»  t ?T’.  T t s 5 r «•  M 


Hero  the  tost  bridge  is  dosig.natod  as  F.  and  F and  (.1  art-  the  two  oumpari.son  bridges. 
The  tabulated  dr  valuos  u(  the  tost  l osi.sturs  wore  ubt.nnod  u\  using  a prooision  Wheatstone 
bridge  to  compare  them  aeainst  .standardi/od  rr.’istof.s.  r.tbb  1 is  .i  "thn  o-dimensionar 
tvpe  u(  presentation  used  to  f.icilitato  the  rumpai  i.son  of  the  me.isuri'd  v.ilues  as  a (unction 
u(  any  of  ttie  throe  variables  - resistance.  (ro(|ueiu  y.  or  l>ridi;o  unit,  l lie  v.iriation  in 
resistance  measurement  as  a (unction  of  frequency  (or  .iny  one  bridge  .uid  resistor  is 
obtained  by  reading  a hort/.oiit.il  row.  The  variation  in  iiulicaiod  \ allies  .imong  the  three 
bridge  units  fur  any  one  fre<iuencv  and  resist.ince  combir.ation  is  obtained  from  the  appro- 
priate diagonal  section.  The  e.xaiuinalion  of  any  single  vertical  I'ohinin  of  figures  permits 
tile  rapid  analysis  of  all  rcMstaiice  nuMsuri'ments  for  any  one  bridge  at  any  o le  frequency. 

The  values  in  T.iide  1 li.ive  .ill  lieim  corrected  .iccordtng  to  tlie  .iverage  correction  data 
given  in  the  instruction  !>oiik  (or  the  liridge.’*  \n  .isterisk  l*i  i.igmfies  that  the  cor- 

rected value  differs  fnim  the  measured  dc  v.ibte  by  more  tb.oi  the  .specified  bridge  accuracy 
111'.'  . 0,1  ohm).  In  estabhshiiig  this  differenci'  for  the  20  Me  measurements,  the  tabulated 
dc  values  were  adjusted  to  the  effective  series-resistance  values  for  .20  Me  in  accordance 
with  the  specifications  glvi  n for  type  66.2  resistors.'*  For  bridge  K,  20  of  the  36  readings 
differed  by  more  than  the  specified  accuracy,  whereas  for  bridges  F and  G,  the  number  is 
only  5 and  2,  respectively.  However,  the  majority  of  the  measurements  that  e.xceed  the 
limit  are  borderline  cases  and  can  ju.stifiably  be  considered  doubtful  because  the  true  r-f 
re.sistance  Is  not  known  with  certainty.  The  lOOO-ohtn  measurements  were  off  scale  at  3 
Me  not  because  of  bridge  error  but  because  there  Is  an  appreciable  correction  factor  which 
results  in  the  uncorrected  balance  being  off  scale. 

^Gcnr-ral  Radio  Cornp.iny.  Catalog  M , pp.  i8- , t 'c  tube  r I'lSt 
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TABLE  1 

Direct  Evaluation  of  Precision  of  Resistance  Measurement 


Bridge  Indication  (ohms) 

Transformer  PI 

Transformer  P2 

400  kc 

3 Me 

3 Me 

30  Me 

E 

1.05 

1.09 

1.046 

F 

1.0 

1.03 

G 

1.03 

1.00 

■■BED 

1 

E 

2.05 

2.05 

2.05 

2.28* 

i 1.993 

F 

2.0 

2.00 

1.95 

2.30* 

1 

G 

2.0 

2.00 

2.00 

2.27* 

E 

5.05 

5.05 

5.34* 

1 4.999 

F 

5.0 

5.00 

4.90 

5.26* 

' 

G 

mmmm 

5.00 

5.00 

5.17 

1 

1 

E 

10.2 

10.3* 

10.2 

10.7* 

10.03 

F 

9.9 

10.2 

10.1 

10.6*  1 

1 

G 

9.9 

10.0 

100 

10.3  1 

E 

20.5 

20.5 

20.5 

20.9* 

1 20.17 

F 

20.0 

20.0 

20.6 

1 

G 

20.2 

20.0 

20.0 

20.6 

E 

51.0’ 

51.0* 

50.5 

52.4* 

1 50.02 

F 

50.0 

50.0 

50.0 

50.0 

G 

50.0 

49.5 

50.1 

E 

103* 

103* 

102* 

104* 

100.7 

F 

101 

101 

100 

99.4* 

G 

100 

99.5 

98.1* 

E 

206* 

204* 

t 

« 

200.0 

202 

201 

1 

I 

E 

1 

500. 1 

F 

1 

G 

E 

t 

1 

t 

) 

1000 

F 

t 

t 

1 

G 

1 

t 

) 

The  fhffcrrnrc  between  these  values  and  the  measured  dc  value  is  greater  than  the 
specified  accuracy  of  the  bridge  ( 1 1 " r ■*  0.1  ohm). 

^These  readings  were  off  scale,  not  because  of  bridge  error,  but  because  there  is  an 
appreciable  correction  factor  which  results  in  the  uncorrected  balance  being  off  scale. 
♦ • 

The  reactance  of  these  resistors  at  30  Me  is  too  high  to  be  balanced  on  the  bridge. 
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Intercomparisoti  of  Three  916-A  Bridges  - A set  of  impedance  transfer  standards  was 
prepared  to  cover  an  assortment  of  impedance  values  within  the  range  of  the  916-A  bridge 
and  for  the  three  frequencies  at  which  the  bridge  was  specifically  studied-400  kc,  3 Me, 
and  30  Me.  These  transfer  standards  were  primarily  intended  for  use  in  ascertaining  what 
changes  occurred  in  bridge  indications  under  various  environmental  conditions.  Hov.-ever, 
it  was  decided  that  a determination  of  the  amount  of  difference  existing  in  the  measured 
impedance  values  obtained  from  the  test  bridge  and  the  two  comparison  bridges  would  be 
significant.  In  a comparison  of  these  measurements  (Table  2),  the  test  bridge  E consist- 
ently indicates  liigher  values  for  both  R and  X (except  low  values  of  X)  than  the  comparison 
bridges.  The  difference  in  indication  between  the  two  comparison  bridges  is  generally  less 
than  the  difference  in  indication  between  the  test  bridge  and  either  t>f  the  comparison  bridges. 
A numerical  index  of  this  difference  between  indicated  values  can  be  established  by  dividing 
the  maximum  difference  between  any  two  of  the  three  bridge  indications  by  the  average  of 
the  three  and  then  multiplying  by  100  to  convert  to  a percentage.  This  "maximum  deviation” 
ranged  from  1.3  to  12.4  percent  for  R measurements;  7 out  of  20  exceeded  4 percent,  and 
the  average  was  4.6  percent.  Tlie  ma.ximum  deviation  ranged  from  0 to  153  percent  for  X 
measurements;  7 out  of  20 exceeded  lOpercent,  and  the  average  was  24.7  percent.  These 
computed  maximum  deviation  values  are  shown  in  Taole  3. 

An  attempt  to  interpret  bridge  quality  directly  from  these  data  can  be  misleading 
because  the  specified  accuracy  of  bridge  measurement  is  not  a constant.  A more  appli- 
cable figure  of  merit  for  each  bridge  measurement  can  be  obtained  by  dividing  the  maxi- 
mum deviation  value  by  the  specified  bridge  accuracy  for  the  particular  resistance  or 
reactance  value’  (Table  3).  Thus,  a figure  of  merit  of  1 means  that  the  maximum  devia- 
tion among  bridge  readings  is  equal  to  the  specified  accuracy.  A figure  of  merit  less  than 
1 means  the  maximum  deviation  is  within  the  specified  accuracy,  whereas  a figure  of  merit 
greater  than  1 means  the  maximum  deviation  exceeds  the  specified  accuracy.  For  the 
resistance  component.  15  out  of  20  arc  greater  than  1.  for  reactance.  17  out  of  20  exceed  1. 

It  is  apparent,  therefore,  that  at  least  one  of  the  three  bridges  is  not  measuring  within  the 
specified  accuracy. 

Frequency -Range  Overlap  Error  - In  shifting  from  one  range  to  another,  the  only 
change  made  in  the  bridge  is  a substitution  of  input  transformers.  The  data  presented  in 
Table  2 provide  a basis  to  determine  the  difference  in  measurement  that  occurs  for  the 
two  different  transformers  at  the  range  overlap  frequency  of  3 Me.  The  percent  difference 
in  these  two  readings,  i.e..  the  difference  between  the  two  readings  divided  by  the  average 
value  multiplied  by  100,  is  shown  in  Table  4 for  several  impedance  values  for  each  of  the 
three  bridges.  The  corresponding  figures  of  merit  arc  also  presented.  In  this  case,  it  will 
be  noted  that  only  one  figure  of  merit  is  over  1 and  the  amount  by  which  it  exceeds  1,  namely 
0.07,  is  so  small  that  it  could  easily  be  within  the  region  of  uncertainty  for  dial  reading. 
Disregarding  this  one  case,  the  frequency-range  overlap  error  is  less  than  the  specified 
accuracy  for  all  three  bridges. 


In  computing  these  figures  of  merit,  the  specified  .accuracy  value  was  doubled  because 
it  IS  a plus  or  minus  value  and  is  therefore  equivalent  to  only  one  half  of  the  m.iximum 
deviation  value. 
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TABLE  2 

Comparison  of  Measurements  Made  on  Test  Bridge  and  Two  Comparison  Bridges 


Impedance  ... 

Impedance  „ , . > „ , , T L-C  Switch 

Frequency  Standard  ^ X(ohm) Setting 

” Transformer  Bridge  Bridge used  for 

I No.  I L or  C E ! F 1 G E~1  F|  G Measurement 


160  I 147  144 


6 


630 


4000 


140  131 


1800 

1550 

C 

4125 

3745 

C 
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TABLE  3 


Maximum  Deviatit)ii  and  Fifniro  of  Mfrll  Values  fur  Measurements 
Tabulated  in  Table  2 ConiparintJ  Three  Bridf^es 


Frequency 

(Me) 

Transformer 

Impedance 

Standard 

No. 

Maximum 

• - t 

H 

(‘;) 

Deviation 

X 

(•?) 

Figure  1 
R 

1 

if  Merit  ' 
X 

16  j 

4.0 

2.9 

2.0 

0.60 

■■ 

13  I 

3.1 

5.7 

,3 

1.4 

0.4 

IM 

1 1 

3.8 

0 

1.9 

0 

•3  1 

3.8 

5.0 

1.9 

1.1 

et 

1 

T 

I 

6.5 

1.6 

1.2 

I 

y 

1 

I 

4.2 

1 

2.1 

j 

10 

2.2 

0.65 

0.94 

, 3 

PI 

1 1 

3.2 

1 

7.4 

l.G 

i 

, 

3 

1 

1 

3.'.) 

6.8 

1.9 

1.4  ' 

; 

6 

9.8 

4.H 

1.9 

1.2  i 



a 

4 

3.6 

53 

1.8 

2.3 

i 

10 

t 

1.6 

5.0 

0.52 

1.2 

3 

1’2 

1 

3.2 

n 

1.6 

1.4 

3 

i 

3.2 

7.7 

4.7 

1.6 

1.7 

6 

! 

3.3 

0.62 

1.2 

K' 

1 

f 

1 

5.2 

140 

2.4 

12 

1 

1 

1 

t 

— 

■ 

1 

1 

6.3 

150 

1 

4.5 

3.1 

14 

30 

P2 

inyilll 

1.3 

0.08 

1.1 

21 

6.6 

38 

B 

7.8 

13 

12 

14 

0.10 

3.4 
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TABLE  4 

Frequency -Range  Overlap  Error 


Impedance 

Standard 

No. 

Difference  in  Measurements  at  3 Me  between 
Transformers  PI  and  P2* 

R 

X 

Bridge 

3ridge 

E 

F 

. 

G 

E 

_ 

G 

9 

0.59 

(0.29) 

0.60 

(0.30) 

0 

(0) 

17 

(0.57) 

(0.54) 

5.4 

(0.27) 

10 

2.2 

(0.71) 

3.3 

(1.07) 

0 

(0) 

1.2 

(0.30) 

0 

(0) 

0 

(0) 

' 1 

0.63 

(0.31) 

0.64 

(0.32) 

0.65 

(0.32) 

3.2 

(0.42) 

0 

(0) 

0 

(0) 

1 3 

0.63 

(0.31) 

0 

(0) 

0 

(0) 

0.89 

(0.18) 

0.16 

(0.03) 

0 

(0) 

^ 

(oiL) 

0 

L ■ 

3.4 

(0.63) 

0.12 

(0.03) 

0.25 

(0.06) 

1 

0.13 

(0.03) 

Figures  not  in  parenthesis  indicate  the  diHcrcnce  in  readings  in 
percent,  uhile  those  figures  in  parenthesis  represen!  the  corre- 
sponding ( gurc  of  merit  values. 


Effect.s  of  Ambient  Conditions 

To  determine  how  satisfactorily  the  bridge  operated  under  various  temperature  and 
humidity  conditions,  it  was  placed  in  a chamber  having  both  temperature  and  humidity  con- 
trol. Electrical  connections  to  the  bridge  were  made  by  the  technique  previously  described. 
Figure  27  shows  the  test  bridge  E in  position  in  the  chamber  and  the  comparison  bridge  F 
outside  the  chamber;  both  are  connected  to  the  symmetrical  T-network.  Also  shown  are 
the  Q-meter  for  checking  the  symmetrical  T-network,  the  signal  generator  in  the  back- 
ground, and  one  of  the  two  receivers  used  as  the  detector.  Auxiliary  mechanical  controls 
were  added  to  the  test  bridge  (Figure  28)  to  facilitate  operating  the  bridge  through  a port 
in  th(.‘  chamber  door  during  the  environmental  tests. 

To  permit  evaluation  of  both  transformers,  two  identical  runs  were  made  for  ea.ch 
environmental  condition  investigated  with  the  bridge  in  operation.  The  frequencies  used 
were  400  kc  and  10  Me.  Each  measurement  was  made  twice  using  two  different  shorting 
methods  to  obtain  the  initial  balance.  In  the  first  method  (A),  the  standard  procedure  of 
clipping  the  high  terminal  lead  to  the  ground  post  was  used.  In  the  second  method  (B)  the 
impedance  terminals  on  the  symmetrical  T-network  were  shorted.  This  dual  scheme  pro- 
vided an  auxiliary  check  on  the  condition  of  the  symmetrical  T-network.  For  the  exposure 
and  storage  tests,  only  one  run  was  made.  “Before  and  after’  measurements  were  made 
at  0.4  and  30  Me,  and  their  results  were  used  to  determine  the  ability  of  the  bridge  to 
withstand  these  tests.  The  various  environmental  tests  and  the  resulting  bridge  perform- 
ance will  now  be  discussed  In  the  order  In  which  the  tests  were  conducted.  The  summar- 
ized performance  of  the  bridge  during  these  tests  is  presented  in  Table  5. 
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TABLE  5 

Summary  of  Environmental  Tests 


Test  Description 
and 

Nominal  Conditions 

1 

Freq. 

(Me) 

Maximum  Difference 
Among  Values  Meas- 
ured During  Test* (%) 

Residual  Changes f 
(%) 

Bridge  E 

Bridge  E 

Bridge  F 

R ! X 

R 

R 

X 

R 

X 

Low  Temperature.  25^ C to-33°C 

1 

oa 

2.2 

1.7 

1.2 

0.7 

1.7 

0.9 

1C 

14 

11 

7.6 

m 

9.2 

3.6 

7.1 

2.3 

High  Temperature,  25°C  to  60°C 

0.4 

2.4 

4.0 

2.9 

0.7 

9.1 

4.9 

0.7 

1.0 

10 

0.9 

2.1 

1.1 

0.6 

0.9 

1.3 

0.7 

0.6 

High  Humidity  25°C,  38%  R.H.  to 
j 40°C,  95%  R.H. 

0.4 

5 

? 

1.2 

0 

2.2 

2.0 

1.7 

0.7 

10 

2.8 

2.1 

0.4 

0.3 

0.4 

0.8 

0.4 

0 

' High-Altitude  Exposure,  1.3  in. 
1 Hg  at  25°  C for  1 Hr. 

0.4 

- 

- 

- 

0 

1.0 

0 

1.9 

30 

- 



- 

1.0 

1 

3.9  J 

0.2 

1.3 

Low-Temperature  Storage 
-00° C for  16  Hours 

0.4 

- 

- 

■ 

B 

1.9 

30 

- 

- 

■ 

B 

1.0 

0.9  5 

0 

0 

High-Temperature  Storage 
85° C for  16  Hours 

0.4 

- 

- 

■ 

B 

0.6 

0.5 

0 

0.1 

30 

- 

■ 

■ 

B 

1.0 

*lhc  ui.iximurri  pfrcfnt  difffrcncc  atnonR  v<ilucs  measurfd  during  the  test  was  computed 
by  divuhng  the  maximum  difference  in  any  two  measurements  in  the  test  concerned  by 
Jic  average  value  of  all  the  measurements  of  that  test,  times  lOf). 

*Rcsii!ual  change,  in  percent,  is  the  difference  between  the  initial  and  final  25°C  read- 

<ir  h#'t\jL’ppn  hrfnr<*  AnH  Aft^r  rr».iHinas  ( wh  ir  v r r tn  p^rMCul^.r  t?5t) 

dividfd  by  the  average  of  the  two  values  concerned,  limes  100. 

^No  ri'.iding  could  be  made  at  40®C  because  the  R initial  balance  point  was  beyond  the 
range  of  the  control. 

b'he  v.ilues  do  not  include  standard  No  19  for  which  the  test  bridge  measurements 
chanced  from  inductive  to  capacitive  reactance. 
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Low -Temperature  Operation  - The  bridj;e  was  subjected  to  a tow-temperature  run  of 
25  to  -33“C  and  a return  to  2^C.  Measurements  were  made  at  these  temperatures  and  at 
various  intermediate  points  as  the  temperature  was  decreased.  The  bridge  'cas  stabilized 
approximately  one-half  hour  at  eacli  temperature  before  measurements  v.-ere  made.  The 
return  from  -33  to  25“C  was  made  overnight.  At  these  low  temperatures,  the  general 
physical  operation  of  the  bridge  was  found  to  be  satisfactory  except  that  the  controls  tended 
to  become  stiff  and  harder  to  move  (but  not  to  any  serious  degree).  The  data  of  Tables  5 and 
6 show  that  the  variations  in  the  measured  values  of  any  one  transfer  standard  at  0.4  Me 
are  relatively  small  and  comparable  to  those  of  the  comparison  bridge.  Also,  there  was 
relatively  little  residual  changes,  i.e..  difference  between  initial  and  final  25®C  readings. 

A similar  temperature  run  was  made  at  10  Me,  and  this  time  the  measured  values  showed 
fairly  large  variations  (Tables  5 and  7).  The  measurements  on  the  comparison  bridge, 
however,  showed  a similar  shift  but  of  lesser  degree.  The  change  in  the  test  bridge  should 
be  modified  by  the  amount  of  change  in  the  comparison-bridge  measurements.  The  net 
residual  change,  after  adjusting  for  the  similar  change  in  the  comparison-bridge  measure- 
ments. is  rather  small. 


High-Temperature  Operation  - The  bridge  was  subjected  to  a high-temperature  run 
of  25  to  60 ”C  and  a return  to  25'^C:  measurements  were  made  at  these  temperatures  and 
various  intermediate  poirtts.  Physical  operation  of  the  bridge  was  the  same  as  under  nor- 
mal temperature  conditions.  Variations  in  measurements  throughout  the  run  were  only 
moderate:  upon  return  to  25“C,  however,  there  was  a rather  large  residual  shift  in  the 
higher-resistance  measurement  (Tables  5 and  8)  which  was  substantially  retained  during 
the  subsequent  humidity  test.  A similar  run  was  made  at  10  Me  (Tables  5 and  9),  and 
relatively  little  difference  in  measurements  occurred  throughout  the  run  or  between  the 
initial  and  final  25”C  readings. 


High-Humidity  Operation  - The  bridge  operating  at  0.4  Me  was  next  subjected  to  a 
high-humidity  run;  the  conditioning  sequence  and  resulting  measurements  are  given  in 
Table  10  and  summarized  in  Table  5.  Operation  of  the  bridge  was  not  completely  satis- 
factory at  95-percent  relative  humidity  because  the  balance  point  for  the  R “initial- 
balance"  control  shifted  beyond  the  range  of  the  control:  therefore,  measurements  could 
not  be  made.  With  impedances  connected  to  the  bridge,  however,  a sharp  null  in  the  cir- 
cuit indicated  that  otherwise  the  bridge  was  still  functional.  Residual  change  that  occurred 
after  overnight  drying  was  rather  small.  No  difficulty  was  encountered  in  another  ru!i 
made  at  10  Me  (Tables  5 and  11)  and  differences  in  measurements  and  residual  changes 
were  both  fairly  small. 


High- Altitude  Exposure  - After  initial  measurements  were  made  at  both  0.4  and  30 
Me  (Table  12),  the  bridge  was  subjected  to  a simulated  one-hour  high-altitude  test  with 
the  pressure  at  1.3  inches  of  mercury  .and  tlic  temperature  at  25°C.  The  percent  differen.ee 
between  initial  readings  and  the  readings  after  the  test  was  small  (Table  5)  except  for 
standard  19.  Particularly  when  measuring  this  standard,  the  resistance  balance  of  the 
test  bridge  appeared  to  have  an  erratic  contact.  This  condition  was  worse  after  the  alti- 
tude test,  and  satisfactory  measurements  could  not  be  made  at  first.  All  control  dials 
were  given  15  complete  cycles  of  operation.  The  system  then  appeared  fairly  normal 
except  that  the  X balance  was  rather  broad  for  standard  19  at  30  Me,  and  the  bridge  indi- 
cation was  now  approximately  40  to  80  ohms  capacitive  reactance.  Before  the  altitude 
test,  however,  the  measured  value  was  90  ohms  inductive  reactance.  No  specific  reason 
was  found  for  this  malfunctioning  of  the  bridge.  • 
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’est  - 0.4  Me 


I^ridm'  P' 

Method 

Time 

u 

X 

of  Initial 

of 

(olim) 

(ol'.in) 

Rti  hi  nee 

Day 

410 

2350 

B 

lOOC 

410 

2350 

A 

1015 

177 

2875 

n 

1020 

178 

2900 

A 

1025 

410 

_350 

B 

11  !5 

410 

2350 

A 

1120 

17f) 

2900 

B 

1128 

170 

2875 

A 

1125 

410 

2350 

B 

1210 

410 

2350 

A 

1215 

170 

2900 

B 

1220 

170 

2900 

A 

1228 

410 

235() 

B 

1315 

410 

2350 

A 

1320 

177 

2910 

B 

1322 

177 

2910 

A 

1325 

410 

2350 

B 

1400 

410 

2350 

A 

1405 

170 

2900 

B 

1408 

170 

2900 

A 

1412 

4 10 

2350 

H 

1508 

410 

2.350 

A 

1513 

170 

2900 

B 

1518 

170 

2900 

A 

1521 

• 

» 

B 

1024 

• 

• 

• 

A 

B 

1027 

• 

• 

- 

408 

2350 

B 

0900 

410 

2350 

A 

0903 

178 

2875 

B 

0907 

175 

2875 

A 

, 0909 
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TABLE  7 

Low-Tenipcraturc  Test  - 10  Me 


1 

Temp. 

("O 

..  J..  J 1 

Bridge  E 

Bridge  F 

Metlu)d 
of  Initial 

Time 

of 

^uunuiiru 

R 

X 

R 

X 

No. 

L ur  C 

(a'\m) 

(o'lm) 

(olini) 

Balance 

Day 

25 

18 

L 

580 

2150 

540 

.200 

B 

ICCO 

18 

L 

600 

2300 

550 

225C 

A 

1003 

;t 

C 

282 

3760 

280 

‘.550 

B 

1008 

, 

1 

C 

707 

3700 

293 

7440 

A 

1012 

15 

18 

L 

550 

2200 

535 

2100 

B 

1122 

i 

18 

L 

570 

2450 

575 

2450 

A 

1 1 .70 

> 

C 

282 

3680 

273 

3550 

B 

1135 

\ 

3 

C 

.705 

3570 

280 

3300 

A 

1137 

i 

1 0 

18 

L 

560 

2200 

530 

2150 

B 

1275 

18 

L 

575 

2400 

520 

2"50 

A 

1240 

7 

C 

ill 

36f-0 

275 

3560 

B 

1247 

3 

C 

705 

.7570 

273 

3300 

A 

1249 

i 

-15 

18 

L 

535 

2200 

570 

2150 

B 

»—  ■ 

1337 

1 

18 

L 

520 

2500 

525 

2750 

A 

1342 

1 

3 

n 

275 

.7800 

273 

3570 

n 

1346 

1 

7 

c 

267 

2370 

272 

2.M0 

A 

1351 

18 

L 

570 

2150 

530 

2150 

B 

1554 

18 

L 

520 

2450 

525 

2750 

A 

1600 

1 

7 

c 

270 

3770 

274 

3570 

B 

1606 

1 

1 

3 

c 

265 

2710 

272 

•’.370 

A 

1612 

25 

18 

L 

550 

2150 

570 

2150 

B 

u91a 

18 

L 

550 

2750 

530 

2350 

A 

0920 

3 

C 

280 

3770 

274 

3580 

B 

0923 

3 

C 

280 

3570 

273 

3380 

A 

0924 
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TABLE  8 

Hiph-Teniperature  Test  - 0.4  Me 


1 

! 

Temp.  St  a 

rc) 

Dridfte  L 

Bridpe  F 

Method 
of  Initial 
Balance 

Time 

of 

Day 

Ildar  d 

n 

(ohm) 

X 

(ohm) 

R 

(ohm) 

X 

(ohm) 

No. 

L or  C 

23  17 

L 

420 

2450 

408 

2350 

B 

1 143 

17 

L 

420 

2450 

408 

2350 

A 

1 143  1 

4 

c 

178 

2990 

174 

2880 

B 

1147 

4 

c 

178 

2990 

174 

2900 

A 

1 150 

40  17 

L 

4.25 

2450 

405 

2350 

B 

1309 

17 

L 

420 

2450 

405 

2350 

A 

131 1 

4 

c 

178 

3020 

174 

2900 

B 

1314 

4 

C 

180 

3000 

174 

2890 

A 

1315 

30  17 

L 

425 

2450 

407 

2350 

B 

1438 

1 17 

L 

423 

2450 

405 

2350 

A 

1440 

! 1 4 

C 

178 

3020 

177 

2900 

B 

1443  1 

4 

C 

179 

,3010 

178 

2300 

A 

1444 

1 60  17 

L 

430 

2500 

406 

2.350 

B 

1542 

17 

. L 

430 

2500 

405 

2330 

A 

1545 

4 

C 

180 

3110 

173 

2900 

B 

1547 

4 

C 

178 

3090 

173 

2890 

A 

1551 

23  ' 17 

L 

4G0 

2500 

1 

405 

2350 

B 

0947 

1 17 

L 

460 

2500 

403 

2350 

A 

0930 

I 1 A 

t 

K. 

TOO 

iOC 

o « « r> 
J IMU 

175 

2910 

B 

0052 

1 1 4 

1 - i .. 

c 

182 

3140 

2900 

A 

L- 

0955  j 

RESTRICTED 
SECURITY  INFORMATION 


RESTRICTED 


NAVAL  RESEARCH  LABORATORY 


39 


TABLE  9 

High -Temperature  Test  - 10  Me 


Temp. 

(°a 

^ J 

Standard 

Bridge  E 

Bridge  F 

Method 
of  Initial 
Balance 

Time 

of 

Day 

. j 

R 

(oiim) 

X ^ 
(ohm) 

R 

X 

No. 

. A 

L or  C 

(ohm) 

(ohm) 

25 

18 

L 

■■ 

555 

2200 

530 

2150 

B 

1035  1 

18 

L 

555 

2450 

530 

2350 

A 

1038  , 

.8 

C 

284 

3900 

276 

3570 

B 

1041  ' 

, 

C 

284 

3680 

276 

3380 

A 

1049 

1 

40 

18 

L 

560 

2200 

530 

2150 

B 

1145 

18 

L 

560 

2400 

530 

2150 

A 

1147 

i 

3 

C 

285 

3920 

276 

3570 

B 

1150  i 

L -i_J 

C 

285 

3680 

276 

3380 

A 

1152  , 

50 

18 

L 

560 

2200 

530 

2150 

B 

1320 

18 

L 

560 

2400 

530 

2150 

A 

1323 

1 

3 

c 

285 

3915 

274 

3570 

B 

1325  ’ 

1 

3 

C 

285 

3680 

276 

3370 

A 

1328  1 

1 

59 

18 

L 

560 

2200 

530 

2150 

B 

1424 

18 

L 

560 

2400 

530 

2150 

A 

1428  i 

3 

C 

285 

3905 

273 

3560 

B 

1430 

3 

C 

285 

3680 

274 

3360 

A 

1432 

25 

I 

18 

L 

560 

2200 

530 

2150 

— 

B 

1616  * 

18 

L 

560 

2450 

530 

2150 

A 

1618  1 

3 

C 

285 

3930 

274 

3550 

B 

1619 

3 

C 

285 

3730 

274 

3360 

L 

A 

1622 
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TABLE  10 

High-Humldity  Test  - 0.4  Me 


Relative 

Bridge  E 

Bridf 

;e  F 

Method 

Time 

Temp. 

Humidity  Stanaard 

R 

X 

R 

X 

of  Initial 

of 

i fC) 

No. 

L or  C 

(ohm) 

(oh  m) 

(ohm) 

(ohm) 

_ j 

Balance 

Day 

25 

38  17 

L 

465 

2550 

~l 

410 

2350 

B 

— ^ ^ 

1053 

17 

L 

465 

2550 

410 

2350 

A 

1055 

4 

C 

184 

3150 

176 

2900 

B 

1058 

1 

4 

C 

184 

3170 

176 

2890 

A 

1 100 

1 25 

95  17 

L 

470 

2550 

410 

2350 

B 

1359 

1 

17 

L 

470 

2550 

410 

2350 

A 

1401  j 

1 

4 

C 

• 

• 

• 

• 

B 

— 

4 

C 

• 

• 

• 

• 

A 

— 

40 

95  17 

L 

475 

2550 

405 

2350 

B 

1508 

17 

L 

475 

2550 

405 

2350 

A 

1513  , 

4 

C 

• 

• 

• 

• 

B 

1 

4 

C 

• 

• 

i- 

• 

. A 

— 

25 

36  17 

L 

455 

2500 

405 

2350 

B 

0936 

17 

L 

455 

2500 

403 

2350 

A 

0938 

4 

C 

182 

3160 

174 

2900 

B 

0940 



C 

. _J 

. '*LI 

3160 

2910 

A 

0942J 

Rcadint’s  could  not  be  made  because  the  R initial  balance  point  v.as  beyond  the 
ramje  of  the  control. 
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TABLE  11 

HiKli-Humidity  Test  - 10  Me 


Holativc 

Humldl.y 

^ ^ 1 {%) 

Standard 

Bridpe  F 

Bridge  F 

. Method 
of  Initial  ' 
Balance 

Time 

of 

Day  1 

R 

(ohml 

X 

(ohm) 

H 

» 

(ohm) 

X 

(ohm) 

No. 

I L or  C 

— ■ -'N  - 1 

i 

2=^  36 

18 

1, 

555  1 

2200 

530 

2150 

B 

1006 

18 

L 

555 

2400 

530 

2350 

A 

1009 

1 

•I 

1 C 

283 

3890 

275 

3570 

B 

1012 

3 

C 

282 

3660 

275 

3370 

A 

1014 

2S  05 

18 

L 

555 

2200 

530 

2150 

B 

1323 

18 

L 

555 

2400 

530 

2350 

A 

1326 

C 

275 

3860 

274 

3570 

B 

1335 

3 

C 

275 

3670 

275 

3380 

A 

1337 

40  95 

18 

L 

560 

2200 

530 

2150 

R 

1449  ; 

18 

L 

560 

2400 

530 

2350 

A 

1452 

3 

c 

28'’ 

3940 

275 

3560 

B 

1455 

3 

C 

283 

3710 

276 

3380 

A 

1458 

26  42 

18 

L 

555 

2200 

530 

2)50 

B 

0944 

18 

L 

555 

2400 

530 

2350 

A 

0947 

3 

C 

283 

3900 

274 

3570 

B 

09  50 

1 1 

3 

c 

i 

233 

3690 

275 

3370 

! 

0955J 
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TABLE  12 


Altitude  Lov. -Temperature  and  Hijih-Temperature  Storaj^e  Tests 


Measurement 

Status 

Frequency 

i Ma*  V 

Standard 

Bridge  E 

4- 

Br 

idge  F 

R 

X 

H 

X 

1 

No.  1 

! 

L or  C 

1 

(oh  m) 

(ohm) 

. J, 

(ohm) 

1 

(ohm) 

1 ■ ! 

0.4 

la  ; 

L, 

170 

2800 

• 

162 

2600 

Initial  Read- 
inj^s  before 

7 

C 

9.K 

4665 

9.2 

4200 

Hit^h-Altitude 

Test 

10 

10 

L 

i 

500 

90 

468 

780 

21 

C 

285 

2280 

268 

1750 

Readint^s  after  | 
Hurh-Altitude  i 
Te;',t  and 
l)cfore  Low-  | 
Temperature  | 
Test 

15 

L 

170 

2800 

162 

2550 

1 U.n 

7 

C 

9.8 

4610 

9.2 

4185 

19 

L 

495  to 
5U0* 

-40  to 

-80* 

467 

790 

21 

C 

282 

2170 

268 

1750 

' Readinj^s 
afti  r l.ow- 
1 Temperature 
Test  and 
before 

Temperature 

Test 

0.4 

15 

L 

171 

2800 

162 

2600 

t 

C 

10 

4575 

9.1 

4180 

10 

19 

L 

500 

-65  to 
-125* 

470 

770 

21 

C 

284 

' 2350 

» - 

268 

1750 

' 

15 

L 

; 

172 

' 2800 

162 

2600 

Readinj^s 
a.fter  Hit^h- 
Temperature 
I Test 

L 

7 

C 

1 

1 

10 

4600 

1 

' 

9.1 

4175 

r 

L ! .. 

19 

L 

505 

70  to 
! Tfi* 

468 

750 

21 

f C 

i 

2Bfi 

1 2360 

1 

268 

1750 

A rt*i4(  lf»m  t*  b.tl.»nc«-  a.is  c h.i  r.»i  1 1*  r i u >f  llu'sr  s i rrmcnt  s. 
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Low-Tcmperaturo  Storage  - Tlu‘  l)ridge  was  tlicn  subjected  to  a 16-hour  storage  at 
-60°  C followed  by  24-hour  storage  at  25"  C;  the  relative  humidity  was  maintained  between 
35  and  40  percent  for  the  25°C  test.  Relatively  little  change  in  readings  occurred,  and 
standard  19  measured  somewhat  more  capacitive  (Tables  5 and  12).  While  making  the 
measurements  after  this  test,  it  was  discovered  that  the  final  reactance  indication  on 
bridge  E was  dependent  upon  the  amount  of  pressure  applied  to  the  resistance-balance 
knob  during  its  adjustment. 

High-Temperature  Storage  - Ne.xt  the  bridge  was  exi>osed  to  a high-temperature  stor- 
age test  at  85"C  for  l6  hours,  and  low  relative  humidity  was  maintained.  Again,  only  small 
changes  occurred  in  the  measured  values  with  one  exception-the  test  bridge  now  measured 
standard  19  at  70  to  75  ohms  inductive  reactance. 


Effects  of  Mechanical  Abuse 

Following  the  scries  of  environmental  tests,  the  bridge  was  scheduled  to  have  vibra- 
tion and  shock  tests.  The  bridge,  however,  became  inoperative  early  in  the  vibration  test, 
and  it  was  not  subjected  to  shock. 

With  the  cover  in  place,  the  bridge  was  secured  to  the  vibration  table  by  two  metal 
straps  fitted  over  the  top  of  the  case.  The  bridge  panel  was  horizontal  and  parallel  with 
the  vibration  table.  The  bridge  was  then  subjected  to  vibration  tests  as  outlined  in  Mili- 
tary Specification  MIL-T-945A.  The  first  period  of  vibration  lasted  15  minutes,  and  the 
frequency  varied  from  10  to  33  ci>s  and  return  approximately  every  30  seconds  at  a total 
excursion  of  0.06  inch.  Comparis m of  measurements  before  and  after  this  run  show  little 
change  (Table  13).  As  a result  of  the  vibration,  two  panel  screws,  four  screws  holding  the 
reactance  unit,  and  the  high-potential  terminal  all  came  loose  to  some  extent.  All  screws, 
however,  were  returned  to  their  normal  condition  before  the  next  vibration  run  which  was 
the  same  as  the  first  except  the  top  frequency  was  changed  from  33  to  55  cps.  After  this 
run,  the  bridge  became  completely  inoperative.  There  was  no  apparent  null  on  either  the 
resistance  or  reactance  initial-balance  controls  for  the  low-fr equeiicy  range.  In  the  high- 
frequency  range,  a slight  null  a(j(jearing  only  on  the  resistance  initial-balance  control 
seemed  to  occur  at  a capacitance  limit.  Inspection  of  the  bridge  components  disclosed  no 
definite  reason  for  the  bridge  becoming  inoperative. 


RECOMMENDATIONS 

This  detailed  study  of  the  General  Hadio  916-A  r-f  bridge  has  shown  that  the  modification 
of  certain  operational  and  design  features  would  be  desirable,  particularly  when  the  unit  is 
Intended  for  military  field  use.  The  following  modifications  are  recommended. 

(a)  It  would  be  desirable  to  use  only  one  transformer  to  cover  the  fr-;quency  range  or, 

if  two  transformers  are  necessary,  provide  panel  switching  so  that  the  transformers 
can  be  permanently  mounted. 

(b)  A wrench  should  be  provided  if  transformer  changing  is  necessary. 

(c)  If  more  than  one  transformer  is  used,  the  appropriate  frequency  coverage  for  each 
should  be  shown  on  the  front  panel. 


Military  Specification  M1L-T-945A,  "Test  Equipment.  For  Use  with  Electronic  Equip- 
ment: General  Specification,"  pp.  33-34,  March  1950 
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TABLE  13 
Vibration  Tost 


! Measurement  ' 

, Status  ! 

F requency 
(Me)  . 

1 

Bridge  E | 

Mil  naarn 

. 1 

X 

No.  1 L 

or 

C 

(ohm)  I 

1 

(olim) 

1 

15 

L 

172 

2800  ; 

Readings 

7 ' 

4_ 

C 

10 

4600  , 

vibration 

12  ' 

L 

1.8 

4800  ' 

21 

C 

286 

2360 

1 

15 

! 1 

L 

168 

2900 

Readings  after 
first  15  minute 
vibration  run 

7 C 

10 

4780 

12 

L 

1.7 

4800 

1 

21 

C 

' 280 

2350  1 

Note  After  seror\d  IS  minute  vibration  run  the  bridqe  was 
inoperative. 


fd)  Initial  balance  controls  should  have  stops  or  at  least  a notation  on  the  front  panel 
or  each  knob  to  show  how  many  turns  effect  complete  control. 

(c)  A higher  drive  ratio  on  the  initial  balance  controls  would  be  desirable  to  make 
their  adjustment  to  balance  less  critical. 

(f)  A similar  increase  in  ratio  would  be  desirable  for  the  reactance  scale. 

(g)  Consideration  should  be  given  to  the  desirability  of  spreading  the  reactance  scale 
over  more  degrees  of  arc  or  using  a larger  diameter  scale. 

(h)  The  resistor  contained  in  the  i)lug  of  the  unknown  comiecting  leads  should  be 
placed  inside  the  bridge  so  that  these  sijecial  leads  are  not  necessary. 

(i)  Insulating  matcri.al.s  having  ?.  mini  mu  n)  change  in  nmnoriies  under  varvir.g  atmos- 
pheric conditions  should  be  used  throughout. 

(j)  The  case  should  be  all  metal,  preferably  aluminum. 

(k)  Size  and  weight  should  be  reduced  to  a i)ractical  nniiimum. 

(l)  The  bridge  should  be  completely  ruggedized  to  withstand  normal  shock  and  vibr.t- 
tion  requirements. 

(m)  A more  complete  and  detailed  instruction  book  should  be  provided  for  maintenance 
and  calibration  checking  procedures. 
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SUMMARY 

Since  the  General  Radio  type  916-A  r-f  bridge  is  an  instrument  intended  for  normal 
laboratory  and  “protected”  field  usage,  it  was  not  exjiected  to  meet  the  usual  requirements 
for  military  test  instruments.  Its  performance,  however,  during  the  temperature  and 
humidity  tests,  was  better  than  had  been  anticipated.  This  type  of  instrument,  because  of 
its  field  of  use,  will  not  bo  subjected  to  the  most  rigorous  military  treatment.  With  proper 
modification  of  certain  features  as  outlined,  it  is  believed  that  a bridge  of  the  916-A  type 
can  be  developed  to  fulfill  military  requirements. 
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